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We report synthesis, structure/micro-structure, resistivity under magnetic field 
[ρ(T)H], Raman spectra, thermoelectric power S(T), thermal conductivity κ(T), and 
magnetization of ambient pressure argon annealed polycrystalline bulk samples of MgB2, 
processed under identical conditions. The compound crystallizes in hexagonal structure 
with space group P6/mmm. Transmission electron microscopy (TEM) reveals electron 
micrographs showing various types of defect features along with the presence of 3-4nm 
thick amorphous layers forming the grain boundaries of otherwise crystalline MgB2. 
Raman spectra of the compound at room temperature exhibited characteristic phonon peak 
at 600 cm-1. Superconductivity is observed at 37.2K by magnetic susceptibility χ(T), 
resistivity ρ(T), thermoelectric power S(T), and thermal conductivity κ(T) measurements. 
The power law fitting of ρ(T) give rise to Debye temperature (ΘD) at 1400K which is 
found consistent with the theoretical fitting of S(T), exhibiting  ΘD of  1410K and carrier 
density of 3.81x 1028/m3. Thermal conductivity κ(T) shows a jump at 38K, i.e., at Tc, 
which was missing in some earlier reports. Critical current density (Jc) of up to 105 A/cm2 
in 1-2T (Tesla) fields at temperatures (T) of up to 10K is seen from magnetization 
measurements. The irreversibility field, defined as the field related to merging of M(H) 
loops is found to be 78, 68 and 42 kOe at 4, 10 and 20K respectively. The superconducting 
performance parameters viz. irreversibility field (Hirr) and critical current density Jc(H) of 
the studied MgB2 are improved profoundly with addition of nano-SiC and nano-Diamond. 
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The physical property parameters   measured for polycrystalline MgB2 are compared with 
earlier reports and a consolidated insight of various physical properties is presented. 
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1. INTRODUCTION  
 
Discovery of superconductivity in MgB2 with the critical temperature of 39 K [1] 
had been of prime importance for   theorists and experimentalists alike. Basically the 
higher critical temperature (Tc) of MgB2 in comparison to other superconductors, except 
the high Tc cuprates (i.e., HTSc), was particularly intriguing as to whether the usual 
electron – phonon interactions could explain such a high Tc. By now some consensus has 
been reached regarding the pairing mechanism and electronic structure of this compound, 
see review articles [2-4], and references there in. In fact evidence of isotope effect yielded 
a clear indication that phonons play an important role in pairing mechanism in this 
compound [5,6]. On the other hand the 39 K superconductivity of MgB2 could be 
explained by its multiple superconducting gaps structure [7,8]. For more clarifications and 
relevant references in regards to the two band superconductivity and inter band scattering 
etc, see the very recent review in ref. [9].  
To experimentalists, the relatively higher Tc [1], simpler structure with lower 
anisotropy [10] and nearly transparent grain boundaries [11] promise huge scope for 
practical applications of MgB2. The material has already been studied rigorously in terms 
of its crystal structure, thermal and electrical conduction [12-14], specific heat [15, 16], 
isotope effect [5,6] and doping effects etc [17-19]. Its Tc of about 40 K and better material 
properties respectively in comparison to so called inter-metallic BCS type superconductors 
and HTSc cuprates provide MgB2 with an edge over other superconductors. Further, 
relatively higher coherence length of about 5 nm of MgB2, in comparison to HTSc 
compounds, permits the use of nano particles of various compounds viz., SiC [20, 21], 
carbon-nanotubes [22] and nano-diamonds [23], etc., introduced as additives, to act as 
effective pinning centers and thereby enhance the critical current (Jc) for the MgB2 
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superconductor. Needless to say, MgB2 is unique in many ways regarding its fundamental 
importance in the field of superconductivity. 
In the present article we have studied various physical properties of polycrystalline 
bulk MgB2 and have compared them with previously reported data in the literature. In 
particular, we focus on synthesis, structure/micro-structure, resistivity under magnetic 
field [ρ(T)H], Raman spectroscopy, thermoelectric power S(T), thermal conductivity κ(T) 
and magnetization of ambient pressure argon annealed (850 0C) polycrystalline bulk 
sample. Various routes of synthesis including vacuum/Argon annealing at various 
temperature are applied to find the optimum-heating schedule. For technical applicability, 
nano-additives like nano-SiC and nano-Diamonds are added to the title compound and its 
enhanced performance is presented in short at the end of the paper.     
 
 
2. EXPERIMENTAL  
 
Various polycrystalline MgB2 samples are synthesized by solid-state route using 
ingredients of Mg and B. The Mg powder used is from Reidel-de-Haen of assay 99%, 
insoluble in HCl and with Fe impurity of less than 0.05%. B powder is amorphous and 
Fluka make of assay 95-97%. For high superconducting performance of MgB2 the nano-
additives used are nano-SiC (size 10-20 nm) and nano-diamond (size 7-10 nm). For 
individual sample, well-mixed and pelletized rectangular MgB2 pellet is put in an Alumina 
boat placed inside a soft Fe-tube. The encapsulated system is heated in the temperature 
range from 800 0C to 900 0C for one to three hours in flow of Argon gas at ambient 
pressure and subsequently allowed to cool to room temperature in same atmosphere. The 
Fe-encapsulation is not kept in direct touch of the raw MgB2 pellet and its both ends are 
open for the continuous passage of Argon gas. The resultant sample is a bulk 
polycrystalline black compound. We also synthesized MgB2 by vacuum annealing method. 
Pure phase MgB2 can be synthesized in oxygen free environment from 700 0C to 1400 0C, 
respectively in vacuum (10-5 torr) to high pressure of Argon gas [24, 25]. In this case the 
Fe tube, which contains the raw MgB2 pellet inside, was sealed inside a quartz tube at 
high vacuum of 10-5 Torr. The encapsulated raw MgB2 pellet is than heated at desired 
heating temperatures (750 0C) with a hold time (3 hours) and is finally quenched in liquid 
nitrogen (LN2) [26,27]. However we realized that the vacuum annealing method results in 
highly porous samples [28], which in turn adversely affect the transport properties like 
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electrical and thermal conduction, in particular. The effects of porosity, crystallization and 
alignment of grains on various physical properties of MgB2 are previously discussed in a 
topical review by John M Rowell [29].  
The x-ray diffraction pattern of the compound is recorded with a Diffractometer 
using CuKα radiation. The scanning electron Microscopy (SEM) studies are carried out on 
these samples using a Leo 440 (Oxford Microscopy: UK) instrument. TEM is performed 
using Tecnie G2-20 equipped with LaB6 filament and operating at 200kV. The electron 
micrographs are recorded using CCD camera attached to the TEM. Raman measurements 
were performed on a dispersive single Horiba–Jobin–Yvon Hr-800 mono-chromator 
coupled to a charge couple device. The 488 line of an argon ion laser was used as a probe 
beam that is focused on to a ~2 µm spot. The power was kept to a minimum of ~2 mW at 
the sample, and all the measurements were carried out in a back scattering geometry with 
detection in the un-polarized mode. Resistivity measurements are carried out by four-
probe technique under applied fields of up to 80 kOe. Thermoelectric power (TEP) 
measurements are carried out by dc differential technique over a temperature range of 5 – 
300K, using a homemade set-up. Temperature gradient of ~1K is maintained throughout 
the TEP measurements. Thermal conductivity data are obtained by conventional steady 
state method on a polycrystalline pellet. The dimensions of the measured pellet are: length 
(5.36mm), width (5.34mm) and thickness (4.5mm). Temperature gradient (∆T) of 0.2K to 
0.5K is developed by excitation of a strain-gauge resistor (thermally attached to flat 
sample surface), at constant differential heater power (3-10mW). Sample’s operational 
temperature T over its second parallel face is maintained within 5mK using Lakeshore 
DRC-93CA controller, and the fluctuation of ∆T kept within ±1%. Magnetization 
measurements are carried out with a Quantum-Design 14 Tesla Physical Property 
measurement System (PPMS) having Vibrating Sample Magnetometer (VSM) attachment.  
 
3. RESULTS AND DISCUSSION  
 
 3A. Structure and Microstructure  
 
 Figure1 depicts the room temperature x-ray diffraction (XRD) pattern of 
variously synthesized MgB2 samples. The indexing of respective XRD peaks corresponds 
to known hexagonal Bravais lattice. Seemingly all the samples are near single phase till 
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heating temperature of 850 0C and hold time of 1-3 hours. At 900 0C and above the 
resultant compound is clearly multi phase. A careful look at the observed peak intensities 
implies that though 800 0C heated samples are all nearly phase pure, the 850 0C – 2 hours 
annealed sample gives the best fit to the observed intensities, see Fig. 2. Except for a weak 
reflection at 2θ = 630, corresponding to pure MgO [2,17,25-28], the rest of the Bragg 
reflections are characteristic of the hexagonal MgB2 structure. MgO peak is marked in the 
pattern in Fig. 2. The structure of MgB2 belongs to space group P6/mmm. The asymmetric 
unit of the structure consists of Mg at (0, 0, 0) and B at (1/3, 2/3, 1/2). Preliminary 
Rietveld refinement is carried out using the program Fullprof [30]. The impurity peak is 
excluded during the refinement. The occupancy parameters of the various atoms and their 
positions are fixed at their nominal values. Details of the refinement procedure along with 
anomalous lattice parameters variation around Tc will be reported elsewhere [31]. The 
lattice parameters are a = 3.08 Å, and c = 3.53 Å, with c/a ~ 1.14. The lattice parameters 
are though close to our vacuum annealed MgB2 [27], the presence of MgO is 
comparatively less in Argon annealed sample, as seen by XRD pattern (Fig.2). As far as 
the presence of minute amount of MgO is concerned, the same is seen in earlier reports as 
well [2,15,25-28, 32-37], but not always marked on the respective XRD pattern.  
Scanning electron microscope (SEM) pictures of present sample are shown in Fig. 3(a) 
and 3(b) with two different magnifications. Nearly homogenous distribution of crystallites 
can be seen in SEM picture in Fig. 3(a). The average grain shape is like platelets with size 
2-5 µm. The shape and size of observed grains for present MgB2 are in general agreement 
with the reported literature on this compound [32-34].   
  Out of bulk pellet of MgB2, thin samples for TEM observation were prepared using 
ion-beam polishing technique. For ion polishing, 3 kV argon ion beam was used at about 3o 
grazing incidence. The representative defect microstructures observed during TEM analysis 
are shown in the micrographs of Figs. 4 and 5. 
Figs. 4(a) and (b) respectively represent bright-field and corresponding dark-field 
images. These micrographs show the presence of various types of defect features in the 
MgB2 matrix. Also seen are nearly spherical inclusions of sizes 4-15nm in an otherwise 
crystalline matrix of MgB2. These inclusions are analyzed to be MgO [32]. The presence 
of nano-particle inclusions of MgO can be seen more clearly in the TEM micrograph 
shown in Fig.4(c), which was taken at different tilt and at higher magnification. Other 
defect feature present in the matrix is the stacking fault ribbons with partial dislocations. 
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Their presence can be seen in micrographs 4(a) and (b) by the fault fringes confined 
between two dislocation lines. 
Other micro-structural features, which were seen during TEM analysis, are the 
presence of 3-4nm thick amorphous layers between the grain boundaries of otherwise 
crystalline MgB2. These thin amorphous layers at the grain boundary are shown in Fig. 5 
(a) and (b). At some places these layers were found to contain 2-3nm precipitates. The 
width of the layer was too narrow for the selected area electron diffraction using even the 
smallest aperture available. However, the amorphous nature of the layers was 
convincingly established by large angle tilting of the sample that did not result in any 
change in the image contrast of the layer. These defect features may be responsible for 
pinning induced enhancement of critical current. The diffused area is seemingly 
responsible for the improved grains connectivity and their transparency to the current 
transport.  
 
3B. Raman studies 
 
 Room temperature Raman spectrum of the optimized (850 0C – 2 hours) pristine 
MgB2 sample is depicted in Fig. 6. The phonon peak occurs at 600 cm-1, this is in 
confirmation with various earlier reports on this compound [35-37].  The 600 cm-1 is the 
characteristic e-ph (electron-phonon) coupling peak for superconducting MgB2. This arises 
from E2g phonon mode, being ascribed to the in-plane B bond stretching. Any disorder in 
terms of onsite substitution in MgB2 results in weakening of e-ph coupling and a shift in 
peak position to higher energies. The 600 cm-1 e-ph peak in MgB2 is unusual for AlB2 
class (hexagonal P6/mmm) materials. In fact for AlB2 the e-ph peak occurs at ~ 980 cm-1 
[37]. Strong electron-phonon coupling due to softening of e-ph modes is the main reason 
behind 39K superconductivity of MgB2. As mentioned in introduction the phonons play an 
important role in pairing mechanism in this compound [5,6], and the 39 K 
superconductivity could be just at the BCS strong coupling limit. An early indication of 
the strong phonon contribution in MgB2 can be presumed on the basis of its unusually 
stretched c-lattice parameter. The c/a values are 1.14 and 1.08 respectively for MgB2 and 
AlB2. This clearly indicates that MgB2 is stretched in c direction in comparison to AlB2. 
Worth mentioning is the fact that there is no much difference in the ionic sizes of Mg and 
Al. Hence the stretching of MgB2 lattice in comparison to AlB2 can not be explained 
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simply on the basis of crystal chemistry and the electronic changes need to be probed. This 
explains the unusual e-ph peak position (600 cm-1) for MgB2 in comparison to at 980 cm-1 
for AlB2. The 600 cm-1 e-ph peak of MgB2 shifts to higher wave number side for 
Mg0.6Al0.4B2, see upper plot in Fig. 6. A similar case is observed for MgB2-xCx as well 
[37]. Seemingly the phonon peak at 600 cm-1 is seen only in superconducting MgB2, 
which moves towards higher wave number side accompanied by deterioration in the 
superconductivity.  
 
 
3C. Resistivity Analysis  
 
The resistivity ρ(T) plot of polycrystalline MgB2 is shown in the Fig. 7. The critical 
temperature Tc and room temperature resistivity (ρ300K) are found to be 37K and 78µΩ.cm 
respectively. The superconducting transition temperature (Tc) is defined at temperatures 
where ρ → 0. For very phase pure polycrystalline MgB2, the ρ300K value in literature is 
reported around10-100µΩ-cm [5, 33, 38-40]. In fact in polycrystalline samples, the 
connectivity of grains affects the conduction in a major way [29]. Moreover the porous 
nature and low theoretical density (~ 1.6 gram/cm3) of MgB2 makes this problem more 
serious. Though the Ar-annealed MgB2 samples are comparatively less porous than the 
vacuum annealed ones [28], the porous regions are still seen clearly in SEM pictures, see 
Fig. 3. Though there can be various other causes behind less connectivity of grains in 
polycrystalline MgB2 such as the presence of insulating MgO (Fig. 4), we feel the main 
cause is its porous nature. Following the suggestion of Rowell in ref. 29, the connectivity 
of grains can be estimated by knowing the value of ρ300K - ρ40K, which is ~ 44µΩ.cm in 
present sample. The same value is ~ 7-8 µΩ.cm for thin films [29]. This roughly shows 
that the grains connectivity of presently studied polycrystalline MgB2 sample is 6 times 
less than as for any well connected MgB2. Hence the corrected resistivity, which is the true 
resistivity within the grains themselves, is 78/6 = 13µΩ.cm in present case. The 
conduction of carriers gets deteriorated when their mean free path becomes comparable to 
the disorder within or outside the grains. In case of MgB2 the disorder with in grains could 
occur due to varying perfection, or the degree of crystalline disorder in differently 
synthesized samples. Outside grains disorder mainly comes from the embedded impurities 
or the porous regions. As far as grain boundaries are concerned, the same are though 
reported to be transparent to the current [11], their actual full transparency to conduction 
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in variously processed samples is debatable [29]. A careful comparison of the resistivity 
values of irradiation induced disordered superconductors by J.M. Rowell, showed that 
outside grains impurities/porous regions are mainly responsible for the widely varying 
conductivity of the MgB2 superconductor [29]. For most of studied bulk polycrystalline 
samples [35,38-40] along with the present one, the problem of connectivity is more 
serious, than better-connected most of MgB2 thin films [29].    
 
 In normal state i.e., above Tc onset, the compound is metallic with residual 
resistivity ratio (ρ300K /ρonset) of around 2.25, which is generally defined by RRR (residual 
resistivity ratio). In literature the RRR is reported to be up to 20 for very pure disorder free 
dense samples [5]. For disordered samples the RRR comes down rapidly, for example RRR 
is only 1.5 for MgB2-xCx samples [39]. The RRR of polycrystalline bulk MgB2 in ref. 33 is 
3.0, which is close to the present value of 2.25. Both slightly higher ρ300K and low RRR 
values demonstrate that studied MgB2 sample is disordered. The presence of small amount 
of MgO (Figs. 2,4) and the various types of defect features (Fig. 5) in present sample are 
perhaps responsible for the above observation. Mostly the nano-metric inclusions are not 
seen in XRD but can be visualized in TEM studies. Small nano-metric impurities or the 
ensuing disorder is though not favorable for better ρ300K and RRR values, the same might 
prove to be useful in pinning the vortices and hence improving the Jc(H) of  MgB2. This 
we will discuss in conjunction with the magnetization results of the present study. The ρ 
(T) plot of present MgB2 is combination of the linear metallic part at higher T and the 
power law close to Tconset.  For quantitative analysis the resistivity ρ(T) can be defined as 
the sum of effective resistivity between the grains (ρgb) and the resistivity of grains (ρg) 
implying;  
 
ρ (T) = ρgb + ρg
  =  ρgb + ρ0g  + ρphg  (T)    (1)  
 
Here, ρ0g is the residual resistivity and the ρphg (T) is the term due to the scattering with the 
phonons, given by;  
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Here ΘD is the Debye temperature and m = 3 to 5. In limiting case of T < 0.1ΘD equation 
(1) becomes  
 
ρ (T) = ρ 0 + ATm (A is the constant)       (4) 
 
At T = 0.1ΘD, equation 4 deviates from the experimental ρ (T) plots [33, 39, 41].    
 
The experimental plot is fitted using power law, ρ (T) = ρo + A Tm, where m = 3 
and ρo is the residual impurity scattering part which is independent of temperature. The 
value of ρo is taken from experimental plot as 33.65µΩ-cm. The fitted and observed 
experimental plots are depicted in Fig. 7. The fitted power law plot is found to deviate 
from the experimental data at around 140K. This yields ΘD = 1400K, within the 
assumption that the power law fitting deviates at T = 0.1ΘD. It is worth mentioning here 
that we followed the same procedure for fitting as in refs. 38-40. The values of ΘD = 1400 
K and ρo = 33.65µΩ-cm for present MgB2, when compared with that in ref. 33 the former 
is 1050K and later 39.7µΩ-cm. The ρo values are though comparable, the ΘD is relatively 
larger in present case. However we would like to mention that present value of ΘD, is in 
good accord with the one obtained from thermoelectric power S(T) fitting of our data and 
others [33,42-45], to be discussed in next section.  
 
3D. Magneto transport 
 
 
Resistivity versus temperature under magnetic field ρ(T)H plots of present MgB2 
compound, are given in Fig. 8 and Fig. 9. The ρ(T)H measurements show Tc(ρ→0) at 37  
and 15.4K respectively in zero and 80kOe respectively. The superconducting transition 
temperatures (Tc) are defined by that temperatures at which ρ → 0. The ρ(T)H plots are 
shown in Fig. 8, while Fig.9 depicts the dρ/dT(T)H plots in various applied field of up to 
80kOe. Single dρ/dT(T) peaks are seen for all measurements under various applied fields. 
Single peak corresponds to one step transition from normal state to superconducting state 
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and the broadening of the dρ/dT peaks after applying the higher magnetic field denotes 
toward the broadening of the transition width with increasing the magnetic field. Fig. 10 
represents the Hc2 versus T plot, where upper critical field (Hc2) is defined from the 90% of 
the resistive transitions [46] and is marked in Fig. 8. Though the present sample is neither 
doped with nano-particles nor synthesized by special techniques still its, Hc2(T) plot is 
comparable with other reports [17,20-22]. We believe the presence of various defect 
structures and small un-reacted MgO in the compound to serve as effective pinning centers 
and hence improves the irreversibility line i.e., Hc2(T) plot. It is again worth mentioning 
that though XRD showed only a minute presence of MgO (Fig.2) in studied sample, the 
detailed TEM analysis had shown (Figs. 4 and 5), various other types of defect features in 
the MgB2 matrix. These defect features along with nano-MgO precipitates and 3-4nm 
thick amorphous layers between the grain boundaries of otherwise crystalline MgB2 may 
be responsible for better performance, i.e., Hc2 = 80kOe at 21.5 K. For example in a recent 
report on nano-scale C doped MgB2 tapes, Tc (ρ=0) of 13K is observed at 130kOe [47]. 
Also in C doped [48] and neutron irradiated [49] MgB2 bulk samples the Tc(ρ→0)  of 
around 17K is seen in 10 Tesla field. As far as Hc2 is concerned the same is around 10 
Tesla at 21.5K [48]. In our case (pure MgB2) and in ref. 48 (MgB2-xCx, x = 0.076) the 
same definition of Hc2 (90% of the resistive transitions) is used.  
 
3E. Thermoelectric power Analysis  
 
  The S(T) plot of present MgB2 is shown in Fig. 11. The absolute value of S is 
positive, which indicates towards the hole type conductivity in this system. The binding 
energy of Mg in MgB2 is reported less than as expected for Mg+2 [50]. Lowering of Mg 
charge results in σ to pi electron transfer in Boron (B) giving rise to holes in the σ band 
[50]. It is the σ to pi electron transfer which gives rise to hole superconductivity in MgB2. 
Superconducting transition (Tc) is seen as S=0 at 38K, corroborating the R(T) data.  For 
most of superconductors including MgB2, small bump is reported just above the transition 
temperature. S(T) has mainly the contributions from electrons and phonons. The room 
temperature thermoelectric power S300K is around 8µV/K, which is comparable to that as 
reported in refs. 33, 42, 44 and 45. However the shape of S(T) plots is slightly different in 
all the references, in particular the change in slope of S(T) before onset of Tc. Shape of our 
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S(T) plot is more close to that as in ref. 33, 43 and 45, but slightly different from that as in 
refs. 42 and 44.  
 
The normal state of thermopower in MgB2 in the range of ~40 to ~100K may be 
explained by   
3
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number of free electrons per atom na. 
Generally the phonon relaxation time for interaction with other phonons and 
impurities is much larger than the relaxation time for the phonon-electron interaction. This 
is quite important below the Debye temperature (ΘD). 
The theoretical curve of S(T) is drawn using the equation S = AT + BT3. By fitting 
the experimental curve with theoretical equation, we found the fitting parameters A = 
1.921*10-2 µV/K2, B = 0.936463*10-6 µV/K4.   
In our sample, the continuous line is best fitted in the range 3000K2 < T2 <11000 
K2, for the plot (Fig.12) of S/T as the function of T2 i.e., from 55 to 105 K. This shows that 
in this region the Sd and Sg are dominant. Above 105K Sd dominates. Below 55K, the 
linearity of S/T vs T2 is not observed and hence it is concluded that below this temperature 
both the Sg and Sd play a role. Correlation/fluctuation effects dominate as evident from 
increase in S/T.  The phonon drag term Sg, is proportional to Cph as long as the electron – 
phonon interaction is the main scattering mechanism for phonons. As temperature 
increases, the phonon-impurity and phonon-phonon process becomes important. In this 
situation phonons do not transfer momentum only to electrons and the phonon drag fails.  
In reported data and analysis of S(T) of MgB2, we found that though high 
temperature (> 100K) behavior is same in most of them [33, 42-45], the usual low T (< 
100K) near constant S(T) part is not seen is some of them [43, 44], which is true in some 
more recent reports as well [51,52]. The S(T) of the single crystals of MgB2 also shows 
nearly the similar behavior to that as in bulk at least in ab-direction [53,54].  
 
 12
 As far as the upper temperature limit of fitting is concerned the S(T) in principle 
can be fitted in the range of Tc < T< 0.1ΘD. The estimated Debye temperature (ΘD), is 
around 1412 K, hence fitting up to 105K is quite reasonable. Besides the ΘD, the values of 
Fermi energy (εF) and carrier density (n) are also estimated from the S(T) equations and 
A/B constants. We have compared our values of the fundamental parameters of present 
MgB2 with reported data in ref. 33, 42 and 43 (Table 1). The estimated Debye temperature 
(ΘD), and carrier density (n) are found to be comparable (ΘD = 1412K and n = 
3.81*1028/m3).   
 
3F. Thermal conductivity κ(T) behavior  
 
 Figure 13 shows the thermal conductivity (κ) data from 300 K down to low 
temperatures. The absolute values obtained are nearly half or even one third to that as 
reported in references 33, 42, 45, 51 and 52. Interestingly the κ(T) plot shape is very 
different in both these references at least in low T regime of below 100K. In ref. 33, 42, 
45, 51 and 52, the κ(T) is shown linear above 100K with a dip in later at close to room 
temperature. At low T say below 50K, the κ(T) goes sharply up in ref. 42 before 
decreasing with a peak type shape. This low T behavior is completely missed in ref. 33 
where κ(T) is seen linear above say 100K. Further no sign of Tc is seen in κ(T) plots shown 
in references 33, 38, 42, 45, 51 or 52. Also the absolute value of κ remains though > 10 
W/mK in reference 42 the same is much less in reference 33 and 38 at all studied 
temperatures. Hence we can say that not only the shape of the κ(T) plots but the absolute 
values are also very different from each other in reported literature. 
Now we discuss κ(T) behavior of present MgB2 sample which is shown in Fig. 13. 
κ(T) exhibits a hump like structure with κ increasing down to nearly 150K. Though similar 
small hump is seen in reference 42 close to room temperature, in our case the same is very 
broad and extended down to 150K. Our κ(T) seemingly follows dominantly the increasing 
electronic part of κ down to 150K with κel ~ T –m with m ~ 2, and the phonon contribution 
(κph) seems to be marginalized. Below around 150K, the κ(T) decreases linearly with T, 
which is similar to that as in refs 33, 38 and 45 but altogether different than that as in ref 
38, 51 and 52.  An interesting fact is that in our κ(T) plot clear sign of Tc is seen. For more 
clarity the same is shown as extended κ(T) plot in inset of Fig. 13.  Although the ‘peak 
effect’ below Tc is marginally present, the curves drawn to guide the eye clearly 
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distinguish the temperature behaviors on the two sides of Tc. In earlier reports the κ(T) of 
MgB2 did not exhibit any sign of superconducting transition [13, 33, 38, 42, 45, 51, 52, 55, 
56]. However on the contrary, recently the κ(T) data on pure and substituted MgB2 single 
crystals had shown an anomaly in thermal conductivity below Tc [57]. Our present results 
are in confirmation with the κ(T) anomaly at Tc in ref. 57.  
Because of the differences in shape and absolute value of the present κ(T) in 
comparison to and also among the earlier reports [13, 33, 38, 42, 45, 51, 52, 55, 56], we 
have not attempted to fit our data to the known individual contributions. Here again we 
would like to mention that these variations in the absolute κ(T) values are simply due to 
the poor grains connectivity in various samples, see ref. 29. This issue is discussed 
previously in resistivity results section 3.C. The intriguing point is that though the ρ300K 
and S300K values are comparable to each other in present study and ref. 33, 34, 45 and 56 
for normal route synthesized MgB2 samples, the values of κ(T) are different, and not 
exactly scaling with the disorder/porosity. For example ρ300K - ρ40K is ~ 44µΩ.cm 
(present), 35µΩ.cm (ref56), and 70µΩ.cm (ref.33), on the other hand the κ300K  values are 
3.6 W/mK(present), 15 W/mK(ref56), and 9W/mK(ref.33); clearly not scaling with the 
extent of disorder. This is unlike the ρ300K and S300K values. This may be due to different 
impacts of porosity of the sample on thermal and electrical conduction [58]. In such 
situations though ρ300K and S300K values could scale with extent of disorder but the κ300K 
may not. Seemingly our present sample has more porous regions than in ref. 34 and 56, 
and hence its   κ300K value is smaller than that as in ref. 33,34 and 56, despite being having 
similar extent of disorder. Interestingly though the pronounced maximum indicates 
towards very clean sample, its absolute value of κ(T) is the smallest. This needs further 
examination and as such the explanation given above in regards to different impact of 
porosity on thermal and electrical conduction may not hold.   
In another report the grains connectivity is controlled by increasing the density of 
polycrystalline MgB2 from 1.8 gram/cm3 to 2.4 gram/cm3. Thus achieved dense samples 
showed residual resistivity to be around 0.5µΩ.cm and thermal conductivity to be as high 
as 215 W mK-1[34]. Note that in our sample we get residual resistivity to be 33.65µΩ.cm, 
see section 3.C. Also the authors from ref. 34 observed earlier the same to be 39.7 µΩ.cm 
for a normal route synthesized sample [33]. The highly dense (90% of theoretical density) 
samples used in ref. 34 were synthesized by special synthesis route [59].  
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3G. Magnetization studies  
 
Figure14 depicts the dc susceptibility versus temperature χ(T) plots in an applied 
field of 10 Oe, in both zero-field-cooled (ZFC) and field-cooled (FC) situations. It is 
evident from this figure that MgB2 undergoes a sharp superconducting transition 
(diamagnetic, Tcdia) at 37.2K within less than 1K temperature interval, without any unusual 
rounding occurring down to 5K. In fact, the diamagnetic signal remains more or less 
constant below 36K down to 5 K. It is found that the superconducting citical temperature 
(Tcdia) being seen from χZFC(T) measurements is in agreement with the Tc as seen from 
dρ/dT(T) peaks. The χFC(T) plot is rather merged with the zero base line. In fact the χFC(T) 
is very small and close to the instrument detection limit of 10-6 emu. We found that this 
has happened in most of pinned MgB2 compounds with the FC signal being very small in 
comparison to the ZFC. Seemingly the present MgB2 itself is in the pinned state. 
Interestingly various defect structures and nano-metric impurities (Figs. 2-5) might act as 
effective pinning centers for flux vortices in the present sample. Very low value of χFC 
observed in comparison to χZFC signal (Fig.14) in superconducting state i.e., below say 38 
K is an indication in this direction. As far as superconducting volume fraction is 
concerned, in the case of strong pinning, the χFC is too small and hence its estimation is 
near impossible. One may, however, estimate the volume fraction from χZFC, but that 
would clearly be incorrect, as this would include a large contribution arising from 
shielding currents. Besides the nano-metric MgO and various defects, the 3-4nm thick 
amorphous layers (Fig.5) between the grain boundaries of MgB2 might also be responsible 
for the pinning in presently studied compound.  
Figure 15 shows the high field magnetization results for present MgB2 compound 
at 4, 10, and 20K with applied fields (H) of up to 80kOe.  Some fluxoid jumps are seen at 
T = 4K below 10kOe field. Very recently [60] we found that these fluxoid jumps are 
intrinsic in nature and occur in high Jc MgB2 samples. The magnetization M(H) grows (as 
usual) slowly with H and falls sharply to near zero moment value, and further grows again 
in a common way. The flux avalanches were seen quite symmetric in both 
increasing/decreasing the field in all four quadrants of the M(H) loops [60]. The dynamics 
of these flux avalanches is discussed elsewhere [60-62], and as such need not to be 
elaborated here. Fundamentally very low heat capacity and relatively high Jc values in 
MgB2 are seemingly the cause for the observed complex vortex dynamics [60-62].  
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We estimated the Jc of our sample from data in Fig. 15, by invoking the Bean’s 
critical state model, and the results are plotted in Fig. 16. The near cylindrical shape 
sample used in the study has the dimensions   0.742 cm x 0.340 cm x 0.162 cm. We used 
the formula  
 
Jc = 20 x ∆M  / a(1-a/3b)   where a < b    [6] 
 
Here ∆M = |M+| - |M-| which comes from the M(H) loops and a is the thickness & b 
is the width of the bar shaped sample. In this manner the Jc(H) values are estimated and 
are plotted in main panel of Fig. 16.  
We got an estimate of Jc of up to around 1.05 x 105A/cm2 at 4 and 10K in 10kOe 
field. The Jc(H) below 10kOe is not plotted, because of flux avalanches observed in that 
region, mentioned above. It is important to note that while comparing the critical currents 
of different superconducting materials, the size and shape of the measured sample may 
influences the outcome [17, 64-66]; see interesting comparisons and suggestions in ref. 67. 
With an increase in field the Jc(H) comes down as expected for any other superconductor. 
The Jc(H)  comes down to 102A/cm2 at  42, 68 and 78kOe at 20, 10 and 4 K respectively. 
In fact these values of applied fields can be related to the irreversibility field (Hirr), i.e. the 
field at which a superconductor permits most of the external field to pass through it, or 
other wise expelled in reverse direction. To estimate the Hirr we show the extended M(H) 
plots in inset of Fig. 16. It is observed that Hirr for the studied sample is around 78, 68 and 
42kOe at 4, 10 and 20K respectively.  
As far as the comparison of the Jc value (105 A/cm2) is concerned with literature, 
the same seems to be competitive without any special heat treatments or the external 
doping in MgB2. The studied sample of MgB2 though contains internal flux pinning 
centers in the form of nano defect structures, n-MgO and the nano-metric grain boundary 
precipitates but is not doped extrinsically with   nano sized additives   viz. n-SiC [20, 21], 
n-Diamond [23], or n-carbon tubes [22] etc. The internal pinning centers in the form of 
nano-defects, n-MgO and nano-metric grain boundary precipitates etc. had earlier not 
been studied, which seemingly contribute to Jc(H)  performance in MgB2 superconductor. 
Worth mentioning is the fact that critical current density Jc(H)  of nano-particle doped 
MgB2 had already reached exceeding 104 A/cm2 in applied fields of up to 100-140kOe at 
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4.2 K [47,67,68]. These samples of MgB2 contained apparently both intrinsic and extrinsic 
pinning centers and hence exhibited dramatic Jc(H) performance.  
In order to improve the superconducting performance of our pure MgB2, very 
recently we doped nano-SiC & nano-Diamond particles in Pure MgB2 [71,72]. The results 
of best performance [71,72] optimally doped (5wt% n-Sic and 3wt% n-Diamond) samples 
are summarized here for irreversibility field (Hirr), critical current density Jc(H) & flux 
pinning and compared with the similarly synthesized pristine MgB2, which is being 
discussed in previous sections. The nano-SiC and nano-Diamond samples are synthesized 
at the same optimized temperature of 850 0C in Argon atmosphere as being used for pure 
MgB2. The superconducting performance for both nano-SiC and nano-Diamond added 
MgB2 is checked, and the results are presented in Figs. 17 and 18. To see the doping effect 
of these on superconducting performance the M(H) & Hirr(T) plots at 10K are shown in 
fig. 17. The main panel of fig.17 clearly demonstrates that the M(H) loop for pristine 
sample is almost closed at 68 kOe, whereas the same is opened up to 120 kOe and 98 kOe 
for n-D3 and n-SiC5 doped samples respectively. This is the situation at 10K, the Hirr 
value is about 140 kOe and 113 kOe for the n-D3 and n-SiC5 doped samples respectively 
at 5K, see inset of fig. 17. The critical current density Jc(H) is calculated and plotted in the 
inset of Fig. 18 along with flux pinning plots in main panel of the same at 10K. At low 
fields the Jc values are nearly 105 A/cm2 for all the three samples. As we see form 18 the 
value of Jc at 10K is clearly higher by about an order of magnitude or so than pristine 
MgB2 for both n-SiC5 and n-D3 doped samples at 60 kOe applied fields. This is because 
of role of nano dopants as the effective pinning centers in host sample and hence 
improving the superconducting performance at higher fields. Also the possible substitution 
of Carbon at Boron site, being available from some broken n-SiC and n-D MgB2 could 
have played an important role [71,72].  In fact in recent years, n-SiC/n-diamond/n-carbon-
tubes/n-carbon doped MgB2 superconductor had yielded high dividends [12-23, 67-70].  It 
is known that substitution of C at B-site in MgB2 creates disorder in Boron plane and thus 
improves the superconducting performance [67-70]. This when clubbed with effective 
available nano-pinning centers, gives rise to high superconducting performance in applied 
fields [67-72]. For more detailed analysis see ref. 71 for MgB2 + n-SiC and ref. 72 for 
MgB2 + n-Diamond.  
Finally worth mentioning is the fact that very recent results on dense wires and tapes 
of nano-particle added MgB2 had further improved the superconducting performance of 
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this compound [73-75]. It seems that the porous nature of various polycrystalline MgB2 
samples has crucial role in its various physical properties, including superconducting 
parameters, due to its poor grains connectivity [29]. This need to be tackled intelligently 
through various synthesis steps, such as two step heat treatments, aligned films or compact 
powder in tube tapes and wires etc. [73].  
      
SUMMARY AND CONCLUSIONS  
 
We studied in detail various physical properties of bulk polycrystalline MgB2 
superconductor. In particular its, micro-structure, Raman spectroscopy, resistivity under 
magnetic field [ρ(T)H], thermoelectric power S(T), thermal conductivity κ (T)  and 
magnetization are studied in detail. Micro-structure of the compound showed the presence 
of various types of defect features with the inclusions of nearly spherical size (4-15nm) 
MgO in matrix of MgB2. Other micro-structural features, which were frequently seen 
during TEM analysis, are the presence of 3-4nm thick amorphous layers between the grain 
boundaries of otherwise crystalline MgB2. The ρ(T)H measurements confirmed Tc(ρ=0) at 
37K in zero field and 15.4K at 80kOe. The power law fitting of ρ(T) gave rise to Debye 
temperature (ΘD) = 1400K. Theoretical fitting of S(T) exhibited ΘD = 1410K and carrier 
density of 3.81*1028/m3. Thermal conductivity κ(T) behavior of our sample is though very 
similar to the literature reports but much lower in magnitude. Also our κ(T) clearly 
exhibited a jump at 38K, i.e., at Tc, which was missing in some earlier reports. Critical 
current density (Jc) of up to 105A/cm2 in 1-2T (Tesla) fields at temperatures (T) of up to 
10K is seen from magnetization measurements invoking the Bean’s critical state model. 
For technical applicability, nano-additives like nano-SiC and nano-Diamonds can be 
added to the title compound and its performance can be enhanced dramatically [71,72].  
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FIGURE CAPTIONS:  
 
Fig.1 X-ray diffraction pattern for various Argon annealed MgB2 compound. 
 
Fig.2 Reitveld fitted and observed XRD patterns for 850 0C Argon annealed MgB2 
compound. 
 
Fig.3 (a) and b) Scanning electron microscope (SEM) pictures of 850 0C Argon 
annealed MgB2 compound. 
 
Fig.4(a) Bright-field TEM micrograph of 850 0C Argon annealed MgB2, showing the 
presence of partial dislocations  
 
Fig.4(b) Dark-field TEM micrograph of 850 0C Argon annealed MgB2, showing the 
presence of partial dislocations. 
 
Fig.4(c) TEM micrograpgh of 850 0C Argon annealed MgB2, showing the presence of 
MgO spherical nano-particles of 4-15nm  
 
Fig.5(a) and (b): TEM details of 850 0C Argon annealed MgB2 gain boundary pictures 
showing the precipitates 
 
Fig. 6 Raman spectra for 850 0C Argon annealed MgB2 and Mg0.6Al0.4B2 at room 
temperature. 
 
Fig.7 Experimental and fitted ρ (T) plots for 850 0C Argon annealed MgB2  
 
Fig.8 ρ (T) plots for 850 0C Argon annealed MgB2 with H = 0 to 80kOe 
 
Fig. 9 dρ/dT (T) plots of 850 0C Argon annealed MgB2 at applying different fields range 
from 0 to 80kOe  
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Fig. 10 Upper critical field as a function of the temperature as determined from the 90% 
of the resistive transitions R(T)H for 850 0C Argon annealed MgB2  
 
Fig.11 Experimental S(T) plot of 850 0C Argon annealed MgB2 fitted with diffusive and 
phonon terms 
 
Fig.12 Continuous linear fitted plot for S/T vs. T2 plot for 850 0C Argon annealed MgB2  
 
Fig.13 κ(T) plot of 850 0C Argon annealed polycrystalline MgB2 pellet with 
superconducting transition at ~38K and a broad maximum around ~150K. Inset 
highlights the low temperature anomaly at Tc and the linear T-dependence in the normal 
state.  
 
Fig.14 χ(T) plot of 850 0C Argon annealed MgB2  
 
Fig.15 M(H) plots for 850 0C Argon annealed MgB2 sample at 4, 10 and 20K.  
 
Fig.16 Jc(H) plot for 850 0C Argon annealed MgB2, the inset shows the extended M(H) 
plots to mark the Hirr of the sample  
 
Fig. 17 The M(H) & Hirr(T) plots at 10 K for 850 0C Argon annealed pure, 5 wt% n-SiC 
and 3 wt% n-D added MgB2 samples 
 
Fig. 18 The critical current density Jc(H) for 850 0C Argon annealed pure, 5 wt% n-SiC 
and 3 wt% n-D added MgB2 samples at 10 K 
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TABLE-1 S(T) fitting parameters for present MgB2 and their comparison with reported 
literature.  
 
 
Systems A(µV/K2)
 
B(µV/K4) εF (ev) 
ne 
(1028)/m3 
ΘD (K) 
Present MgB2 1.921 × 10-2 0.937×10-6 1.91 3.81 1412 
Ref.33 2.0 x 10-2 1.30 x 10-6 1.82 5±2 1430 
Ref.43 1.5x10-2 1.20x10-6 2.50 - 1450 
 Ref. 42 1.76 × 10-2 1.26 ×10-6 2.08 6 ± 2 1430 
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Figure 4 (a) 
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Figure 4 (c) 
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Figure 5(a)  
 
 
 
Figure 5(b)  
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Figure 8  
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Figure 9  
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Figure 10 
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Figure 12  
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Figure 14  
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Figure 16  
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Figure 17 
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Figure 18 
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